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ABSTRACT We previously identified, by cDNA cloning, a
set of genes that are expressed during the G,/G, transition (cell
cycle reentry) in mouse fibroblasts. These immediate early
genes are transcriptionally activated within minutes of addition
of serum or purified growth factors, and their mRNAs are
superinduced in the presence of protein-synthesis inhibitors.
We report here that one of these genes, represented by nur/77
c¢DNA (originally called 3CH77), encodes a member of the
superfamily of ligand-binding transcription factors that in-
cludes the steroid and thyroid hormone receptors. The nur/77
¢DNA sequence encodes a protein of 601 amino acids containing
two regions of sequence similarity to members of this nuclear
receptor superfamily, corresponding to their DNA-binding and
ligand-binding domains. These results suggest that the growth
factor-inducible immediate early gene nur/77 encodes a ligand-
binding protein that regulates the genomic response to growth
factors.

The proliferation of animal cells is initiated and regulated by
polypeptide growth factors. The interaction of growth factors
with their specific receptors generates a cascade of intracel-
lular biochemical events (1), leading to the sequential expres-
sion of specific genes. By analogy to the developmental
program of viruses, some of the genes activated early by the
actions of growth factors are likely to regulate the expression
of other genes necessary for the onset of DNA replication (2).
We previously identified, by cDNA cloning, a set of genes
that are transiently activated within minutes after quiescent
BALB/c mouse 3T3 cells are stimulated with serum, platelet-
derived growth factor, or fibroblast growth factor (3, 4).
These ‘‘immediate early’’ genes are regulated at the tran-
scriptional and posttranscriptional levels, and their mRNAs
are superinduced in the presence of protein-synthesis inhib-
itors (4). In this communication we report the nucleotide
sequence of one of these cDNA clones, 3CH77 (hereafter
referred to as nur/77), and the amino acid sequence it
encodes.? Sequence comparison shows that the nur/77-
encoded protein is related to the nuclear receptor superfamily
that includes the receptors for such compounds as glucocor-
ticoids (5), mineralocorticoids (6), estrogen (7), testosterone
(8, 9), progesterone (10), thyroid hormone (11, 12), retinoic
acid (13-15), and vitamin D (16). These receptors function as
modulators of gene expression; upon binding to their respec-
tive ligands, they exhibit increased affinity for enhancer-like
DNA sequence elements associated with target genes (17).
Interaction of the receptor-ligand complex with the DNA
sequence elements results in altered expression of these
genes (17).

The nur/77 protein and the known nuclear receptors share
two regions of sequence similarity. For several receptors the
first region has been shown to be the DN A-binding domain
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(13, 14, 18-20), and the second region the ligand-binding
domain (18, 19, 21, 22). These results suggest that nur/77
cDNA encodes a ligand-dependent nuclear receptor; in the
presence of its ligand, the nur/77 protein may act as a specific
DNA-binding protein that regulates the genomic response to
growth factors.

MATERIALS AND METHODS

Cell Culture. BALB/c 3T3 cell clone A31 was cultured as
described (4).

¢DNA Screening and Sequence Analysis. A cDNA library
containing near-full-length copies of inmediate early mRNAs
(4) was screened with a nur/77 cDNA probe as described (3).
Near-full-length nur/77 ¢cDNAs were cloned into pGEM
plasmids (Promega Biotec, Madison, WI). Nested 5’ and 3’
deletions were created by using BAL-31 nuclease (Bethesda
Research Laboratories) and were sequenced by the dideoxy-
nucleotide chain-termination procedure (23) with [a-
(**S]thio]dATP. ’

Primer Extension. Synthetic >?P-labeled oligonucleotides
complementary to nucleotides 1-25 or 24-43 of nur/77 were
hybridized to 30 ug of total cellular RNA from either
quiescent cells or cells stimulated with serum for 3 hr in the
presence of cycloheximide (10 pg/ml). Hybridization and
subsequent reverse transcription were carried out as de-
scribed (24), and reaction products were resolved by elec-
trophoresis in 8% polyacrylamide gels containing § M urea.

RESULTS

Nucleotide Sequence of nur/77 ¢cDNA and its Encoded
Protein. A cDNA clone representing the 3’ protein of nur/77
(clone 3CH77 in ref. 3) was used to select a nearly full-length
¢DNA clone from a library prepared by using poly(A)”
mRNA isolated from BALB/c 3T3 cells stimulated with
serum for 3 hr in the presence of cycloheximide (4). Several
c¢DNA clones containing inserts of about 2.7 kilobases were
independently isolated (approximately full-length as esti-
mated by electrophoresis of nur/77 mRNA) and found to
have identical restriction maps. Various restriction fragments
of the cDNA clones hybridized to the same RNA species as
detected by RNA blot analysis. One of these clones was
chosen for sequence analysis.

The cDNA analyzed is 2456 nucleotides in length, exclud-
ing the poly(A) tail (Fig. 1). It contains a major open reading
frame initiating at position 112 that is 1803 nucleotides in
length and encodes a protein of molecular weight 64,738 with
a calculated isoelectric point of 6.72. This reading frame is
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Fic.1. Restriction map and nucleotide and deduced amino acid sequences of nur/77. (Upper) Schematic representation of the nur/77 cDNA
showing cleavage sites of some common restriction enzymes. The open bar indicates the predicted coding region. (Lower) The complete
nucleotide sequence and the predicted amino acid sequence of the nur/77 cDNA clone. Numbers at left refer to the first nucleotides on the lines,
and numbers at right refer to the last amino acids on the lines. The ATTTA sequence motifs are underlined, and the polyadenylylation signal
appears in lowercase letters. The 3’-terminal (A), denotes the poly(A) tail.

followed by a 3' untranslated region of 542 nucleotides. A
consensus polyadenylylation signal is located 18-23 bases
upstream of the poly(A) tail. Like many other immediate
early mRNAs, nur/77 mRNA has a short half-life (=20 min;
ref. 4). Consistent with this observation, there exist within a
60-base-pair segment of the 3’ noncoding region three repeats
of the ATTTA sequence motif thought to contribute to the
instability of some mRNAs (25). In the deduced protein
sequence, a potential N-linked glycosylation site is found at
asparagine-276. Between the lysine residues at positions 32

and 104 there is a region rich in proline, glutamic acid, serine,
and threonine. This type of “PEST’’ sequence is thought to
be associated with proteins of short half-lives such as the fos
and myc gene products and ornithine decarboxylase and is
also found in members of the nuclear receptor superfamily
(26, 27).

That the cDNA is nearly full-length was demonstrated by
primer extension analysis. Reverse transcription of BALB/c
3T3 cell RNA from an oligonucleotide primer complementary
to nucleotides 1-25 of the cDNA sequence indicated that the
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Fig. 2. Primer extension analysis. Reactions were performed
with 30 ug of total RNA from either quiescent BALB/c 3T3 cells
(lanes 1 and 3) or cells stimulated with serum for 3 hr in the presence
of cycloheximide (lanes 2 and 4). Two *?P-labeled oligonucleotides,
one complementary to nucleotides 1-25 of the cDNA sequence (lanes
1 and 2) and the other complementary to nucleotides 24--43 (lanes 3
and 4), were used. Left and right four lanes show °S-labeled
sequencing-reaction products as size markers. The positions of
oligonucleotides used as primers are indicated by arrows.

5’ end of the nur/77 mRNA occurs heterogeneously 9-17
nucleotides upstream of the primer sequence (Fig. 2, lanes 1
and 2). The predominant mRNA start site occurs 16 nucle-
otides upstream of the 5° end of the sequence shown in Fig.
1. These results were confirmed by primer extension using an
oligonucleotide complementary to nucleotides 24—43 of the
cDNA; this reaction yielded products 32-40 nucleotides long
(Fig. 2, lanes 3 and 4).

There are three in-frame ATG codons at the 5’ end of the
nur/77 cDNA sequence occurring at positions 112, 214, and
280. In addition, an out-of-frame ATG occurs at position 134.
The first ATG (position 112) has a poor flanking sequence for
translation initiation according to the consensus sequence
derived by Kozak (28), whereas the ATG at position 214 has
a more favorable flanking sequence. However, if the ATG at
position 112 is not used, the next ATG (position 134), which
does have features of the consensus sequence for initiation,
would be used (29), leading to translation of 13 codons of a
different reading frame. Although nur/77 mRNA purified by
hybrid selection is inefficiently translated in the rabbit retic-
ulocyte lysate system (3), it does yield two detectable protein
products with molecular weights of 64,000 and 58,000,
consistent with initiation at positions 112 and 280 (data not
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shown). Further analysis will be required to determine the
correct initiation site in the cell.

Relationship of nur /77 to the Nuclear Receptor Superfamily.
The deduced amino acid sequence of nur/77 was compared
to known protein sequences in the National Biomedical
Research Foundation data base (release 14.0) and was found
to share significant amino acid sequence similarity with the
superfamily of nuclear ligand-binding transcription factors
that includes the steroid and thyroid hormone receptors (5-
16). This similarity occurs in two regions. One is a highly
conserved 66-amino acid region demonstrated for some of
these receptors to be the DNA-binding domain (Fig. 3; refs.
13, 14, 18-20). Most notable in this region is the presence of
eight strictly conserved cysteine residues thought to form two
DNA-binding ‘‘fingers,”’ each coordinated by a zinc ion (30).
The extensive conservation of these cysteines and other
residues in this domain is characteristic of the members of the
nuclear receptor superfamily (31). The nur/77 sequence
contains 50-58% sequence identity in this domain when
compared to the human nuclear receptors (Fig. 3). A second
region of sequence similarity occurs carboxyl to the DNA-
binding domain (Fig. 4). This region has been shown for
several of the nuclear receptors to function as the ligand-
binding domain (18, 19, 21, 22). Although they bind struc-
turally distinct ligands, all members of the nuclear receptor
superfamily analyzed to date share moderate sequence sim-
ilarity in this region. The sequence similarity shared between
nur/77 and known nuclear receptors is comparable to that
shared among the known receptors. Thus the homology
between nur/77 and known nuclear receptors indicates that
nur/77 is a member of this superfamily.

DISCUSSION

The interaction of serum growth factors with their membrane
receptors results in the sequential activation of specific
genes. Some of these genes are transcriptionally activated
within minutes of growth factor stimulation, even in the
absence of protein synthesis (3, 4, 32-34). Among these
immediate early genes are several that encode known or
probable transcription factors: the protooncogenes c-fos (33)
and c-jun (2, 35), jun-B (36), Krox-20 (37), zif/268 (NGFI-A,
Egr-1, Krox-24) (38-41), and fra-1 (42). In this communica-
tion we report that the immediate early gene represented by
nur/77 ¢cDNA is another member of this group, encoding a
protein that is related to steroid receptors and other ligand-
dependent transcription factors.

Such hormones as glucocorticoids, mineralocorticoids,
estrogen, progesterone, testosterone, the morphogen reti-
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120 M v{y|T|cin R D K Nfc|IT klv T|R|N R|C crRIlo|k clFEV hRAR

AMTFT|[C[PFN c|x K[p N|R|R H|C CRLKE|CIVDI CVDR

Fic. 3. Homology between the predicted nur/77 sequence and the DNA-binding domain of hormone receptors. Numbers on the left refer
to the first amino acids (one-letter code) of the lines. Amino acids that are identical in five or more sequences are boxed. hAR, human androgen
receptor (8, 9); hER, human estrogen receptor (7); hPR, human progesterone receptor (10); hGR, human glucocorticoid receptor (5); hMR,
human mineralocorticoid receptor (6); hTR, human thyroid hormone receptor (11, 12); hRAR, human retinoic acid receptor (13-15); ¢VDR,

chicken vitamin D receptor (16).
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412 LLSGSDVIR AlE[K I c P 6[p Q]D L[L] nur/77
349 {LIAD R E{L|VHNI AlRR VD|L{T L B|D Q|V H|L| hER
566 |[LIGGRQVIAAYV AR A R N|L|H L D|D QM T|L| hGR
772 |[LlA e RQMIQUVY AlK V K N|LIP L E[D QI T|L| nMr
72t |ufc ER QL sV V SKS R N|L{H I D|D Q|I T|L| nPR
231 [L|STKCIIKTV K Q T TfL|T I A|D Q|I T|L| hRAR
270 ITPAITRVYV K[I] c P C E[D Q|T I[L| nTR
442 SFLEL]F[ILR'LAYRSKPG@-GKLI-FCS nur/77
379 ClAJW[LE[TL M I GIL[VW|R S{MEHP - V|R L|L -[F[A P hER
596 |LJOY S WM FIL|M A F AlL|G W|R S[Y R 0 S S AN[LjL C[F[A P hoR
802 TQYSWMC|L|SSFA[LISWRS[YRHTNSQFLYF|AP hMR
751 1QYSWMS[LMVFG|L|GWRS|YKHEVSGIOMLYFAP hPR
261 LKACDILILRICTR-YTP QDTMT—LESD hRAR
300 |L|K 6 C Cc H[E]I M LRAmVR-YDP SETBT— N G hTR
470 - - H|e L]0 R 6[o]- - - w 1fo]n [ A]F[s]r nurs77
407 DR N[Q[G KR|c[VE[g[WVE---1F|D/ML|LAT|S|s hER
626 NE-[QIRMTLPCMYDJOCKHE--MLYVS|SE hGR
832 NE-EKMHEQSAMYELCQG--MHQISLOQ hMR
781 TICINE -QIRMRESS[FJlY SLCL-~-TMWQIUPOQE hPR
289 TIL/N R T|oM EN[AJ6 FGPLTDLVFAFANQLLFP hRAR
328 EMNAVIRGQLIKNGGLGVVSDAILF[D|LGHMSL[S]s nTr
495 s L H s[t]c[v]p v p AlF]a sall]v[L]lr - - - - ----- nur/77
43¢ RFRMHENTLQGEE|[F|V KSTIILILNSGVYTFLS hER
653 L HR -[U]o[V)S YEE Y L[C[WK T[L]L|L|L S S VP KD G L K hGR
859 FVR-QLTFEEYT MKVLLLSTIPKDGLK hMR
808 F VK -|Ljo[V]s QEE[FJL[JM K V|LJL|L|LNTIPLEGLR hPR
319 LEM- - -7 - - DD---AETGL|LISAICLICGDR hRAR
358 FNL- - - -~ - DD---TEVALLIQAVLLMSSDR hTR
516 r@xﬂconpaxvs@uona sc E H[M A|T V nur/77
464 STLEKS|LJEERDHIHRVLDERK|I[TD T|L[THL[MA/KA hER
682 SQELFDEIRMTYIRELGEK----7- AIVEKRE hGR
888 SQAAFEEMRTNYIKELREK- - - - - - MVTKCEP hMR
837 SQTQFEEMRSSYIRELIRKS- -~~~ - AIGLRGQ hPR
340 Q@LEQPDRVDMLQ@—PLLEL-—[E]VY—VRK hRAR
379 PCLACVERIEKYQDSFLLAFE--RYINYREK hIR
546 A-—DPQPASCSR G PETLCTQ nur/77
494 G- LTLOQIOIQHOQR|L|AQ L SHIIRJHMS NK[G[M hER
706 GNSS--[QINWQRFYQ-|L|T LDSMHEVVEN nGR
912 NNS[S]--quQRFYQ— T LDSMHDLV S DL|] hMR
828 KGVVsSSS--QRFYQ-=~[LiT LDNLEHEDLVEQ- hPR
366 RRPSR[EJEM - - - F P KMLIM TDSISAKA hRAR
407 HHVTHF - - - - - WPEK M TD|LRMIGACHA hTR
574 Q@IL@DLPPE—IVDKIEM@TLSF nur/77
23 EHLYSMKJCRNVIVPI[LYD-LLLEMEL ....... 595 hER
733 LN-Y[CJFQTFLD-KTMSIEFPEML ........ 777 hGR
939 L E - FYTFRESHALRVEFPAML ........ 984 hMR
854 L HLY NTFIQSRALSVEFPEMHM ........ 933 hPR
393 E[R|v I MEJIPGSM-[PIPLIQEML ........462 hRAR
432 srx.u v cpTELLpLFLav@s@ 456 hTR

Fi1G.4. Sequence comparison by a computer-generated alignment of nur/77 with the ligand-binding domains of hormone receptors. Numbers
on the left refer to the first amino acids of the lines. Those amino acids of nur/77 that are identical to at least one other receptor sequence are
boxed. Numbers at the ends of sequences refer to the total numbers of amino acids in those sequences. Receptor designations are as given in

the legend of Fig. 3.

noic acid, thyroid hormone, and vitamin D are known to
activate the transcription of specific genes through a recep-
tor-mediated mechanism (17). The receptors for these com-
pounds comprise a superfamily of intracellular proteins that,
in contrast to cell-surface receptors, directly modulate tran-
scription by interaction with their target genes. Binding to
their respective ligands, which enter the cell by diffusion,
increases affinity for specific enhancer-like DNA sequence
elements associated with the target genes, resulting in acti-
vation or repression of transcription (6, 14, 20, 43-45).
Whereas the amino-terminal domain, which is thought to be
responsible in part for modulating gene expression (18, 46,
47), exhibits little sequence similarity among the different
receptors, the central DNA-binding domain is highly con-
served (13, 14, 18-20), and the carboxyl-terminal ligand-
binding domain is moderately conserved (18, 19, 21, 22). The
nur/77 protein shares all of these common structural fea-
tures.

A ligand for the nur/77 protein has not been identified.
Since both retinoic acid and thyroid hormone bind multiple
tissue-specific receptors (12, 15, 48), it is possible that nur/77
is another receptor for one of the known ligands. An
additional possibility is that nur/77 may bind an intracellular
molecule generated by growth factor action, rather than a
ligand that diffuses into the cell. It has also been suggested
that thyroid hormone-related and cholesterol-derived com-
pounds, some of which are known to alter gene expression at
the transcriptional level (49), may act through binding to as
yet unknown receptors (31). One such compound may be the
ligand for nur/77.

The appearance of nur/77 mRNA is not restricted to
growth factor-stimulated fibroblasts. This mRNA also ap-
pears in mouse liver within 1 hr after partial hepatectomy (2)
and thus appears to play a role in the proliferative response
invivo. A related RNA appears in the rat pheochromocytoma
cell line PC12 after exposure to nerve growth factor (NGF)
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(ref. 50; M. E. Greenberg and L.F.L., unpublished observa-
tion), which induces neuronal differentiation of PC12 cells
(51). Recently, a cDNA (NGFI-B) derived from mRNA of
NGF-stimulated PC12 cells has been reported to encode a
protein closely related to nur/77 (50). Since the nur/77
protein sequence contains only 22 amino acid substitutions
when compared to the NGFI-B sequence, it is likely that
nur/77 is the murine homologue of NGFI-B. It is striking that
NGF and platelet-derived growth factor (or fibroblast growth
factor) acting on different cell types to induce differentiation
and growth, respectively, activate a subset of identical genes
that encode probable transcription factors: the putative
ligand-binding nuclear receptor described in this report, the
protein encoded by the fos gene (33, 52), and another protein
with zinc-finger sequences (38-41). The same regulatory
proteins thus appear to mediate a variety of cellular re-
sponses to external signals, suggesting that some of the target
genes of immediate early transcription factors are cell-type-
specific.
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